Abstract Landslide research requires consistent and widespread data. Many countries within the European Union have national landslide inventories to fulfill these demands for their respective research. However, those inventories were usually not intended to provide the technical basis for automated process and risk analyses during their design phase. The ongoing development of Germany's national landslide database offers the opportunity to do this differently. This paper introduces a landslide inventory system called WISL suitable for data handling as well as for novel automated process and risk analyses on a national scale. WISL is designated to form the technical infrastructure for a German national database. Its core consists of an open source relational database management system (PostgreSQL), standardized input and registration methods as well as integrated analyses modules, which avoid large data movement and allow for rapid risk analyses. We present proof-of-concept Institute for Geography and Geology, University of Würzburg, Würzburg, Germany results of endangered infrastructure related to automated risk mappings based on topography and proximity of active landslides. The use of open source software and the application of a standardized input and data acquisition system for experts, coupled with custom analysis modules, constitutes a step toward automated risk maps by a mere 'button-press'. Future developments for the inventory lie in the field of refining and inventing analysis modules and collecting data, for which WISL provides a firm technical base.
Introduction
An accurate landslide inventory is a fundamental tool for all kinds of applied studies on landslides (Van Den Eeckhaut and Hervás 2012a). Registered information on landslide events plays a key role in landslide research. In general, risk assessment, disaster management as well as mitigation strongly demand for relevant datasets. Any statistical research depends on the availability of data. A more and more important requirement is the access to and distribution of data among different institutions and experts (Van Den Eeckhaut et al. 2012) . Multifaceted tasks and analyses demand a highly flexible management for data archiving and distribution. An efficient tool to cover these multifaceted requirements of data analysis is a centralized database system connected to defined network users (Härder et al. 1988; Foster et al. 2011) .
Efficient databases have to deal with a large amount of landslide records and data consistency is a highly relevant pre-condition. For that case, relational database management systems (RDBMS) software can keep data consistent and free of redundancy. The RDBMS has to maintain its performance with a permanently increasing amount of data while also serving the data to a Network (Yeung and Hall 2007 ). Yet, data access is only one side of a bi-directional data flow. As institutions can access registered landslide data, users should be able to insert data to the inventory analogously. Therefore, additionally to the RDBMS backend, an input frontend has to be available, whose data types and details of the registration process have to adapt to welldetermined standards for comparability and interoperability (Parsons 2011) .
It is generally known that data acquisition on landslides is a time-consuming task. The RDBMS is thus required to operate in the long term. Low costs decrease the dependency on budget decisions and can therefore ensure a consistent uptime of the RDBMS. Furthermore, the system should be independent of the standing of a single company and allow for customizations without restrictions. Customization is necessary, because without it a permanent data growth causes an increase of costs and time for transfer and archiving operations. Therefore, analysis modules need to be directly integrated into the RDBMS to enable the transfer of analysis results, exclusively (Aye et al. 2016) . Free opensource software can provide an infrastructure, which meets the aforementioned demands (Raymond 2001) .
Primarily, this paper presents the technical implementation of a landslide RDBMS called 'Würzburg Information System on Landslides' (WISL) (Jäger et al. 2015) . The system addresses three major pre-conditions for modern inventories i) consistent data storage and data distribution, ii) convenient, standardized data input and iii) module integration for highly flexible and rapid spatial analysis. It is therefore suitable for large scale application and allows for the operation of national inventories to avoid the short comings of regional databases, which are usually characterized by a restricted data access, different standards for data input, and strongly heterogeneous analysis capabilities and, of course, limited data sets (Damm and Klose 2014) . Of the 22 EU member states with national landslide inventories some do not use a RDBMS at all, others operate commercial software solutions with their accompanying restrictions (Van Den Eeckhaut and Hervás 2012b). Thus, WISL presents a novel consolidation of various techniques and data sets for a national database of Germany (Damm and Klose 2015) based on open-source software.
WISL aims to decrease landslide inventory fragmentation, thus its target user base are experts of environmental organisations and universities. However, due to a heterogeneous background of data acquisition personal, non-experts shall be able to acquire the data as well. In this context, WISL supports the compilation of incomplete data sets. Additionally, established GIS procedures are integrated, so data input can be complemented by their calculated results.
In this case the data sheet fills the role of a ground-truth check list for the pre-calculated parts.
Furthermore, a WISL integrated proximity analysis related to local risks is illustrated in order to demonstrate a user application in the second part of this study. In this study, risk refers to objects of interest which are exposed to hazards, thus following the definition according to Ropeik (2002) . The addressed example of a rapid output analysis serves for one of the main objective in risk research: it is a first step towards automatically generated risk maps.
Technical implementation Data storage and distribution
The software structure of WISL is developed on the base of PostgreSQL. As an object relational database management system (ORDBMS), PostgreSQL is customized to process large amounts of complex data with numerous internal relations (Sandmeier et al. 2013) . It provides high standards in terms of stability, capability, memory, and most important, the option of geodata processing. PostgreSQL stores single datasets in different tables, with operators establishing internal linkage. It is in synchronization with SQL (Structured Query Language) standards, providing all functions of SQL as a database language for generating, managing, and manipulating stored data as well as data queries. Although PostgreSQL supports handling geometric data, it is not capable to process and to store large volumes of spatial data. Therefore, PostGIS, an extension for PostgreSQL, was integrated into WISL. PostGIS does not only improve the storage of GIS data in the DBMS, but offers spatial operators, functions, data types, and indices for rapid spatial applications (Obe and Hsu 2011) . Beside the creation of new geometric data, users may generate morphometric measurements and establish spatially related links between different objects (Obe and Hsu 2011; Mitchell et al. 2008) . Furthermore, PostGIS enables editing, analyzing, and saving of spatial data (e.g. point, polylines or polygones) in a database without the usage of an external GIS. According to Obe and Hsu (2011) , the extension of PostGIS transforms an object-relational DBMS into a spatial database.
The PostgreSQL software package contains a serverclient model, which distributes registered data as text. PostgreSQL/PostGIS is open source and free of charge. It can easily be accessed from external software tools.
The nature of open-source guarantees independence of any single company over the development of the software package, yet, modifications and extensions are always possible (Raymond 2001) , which is in turn also true for WISL. Virtually, all common open source GIS and analysis applications are able to handle and to visualize spatial information of a PostgreSQL/PostGIS database. Thus, WISL allows experts to access data by their own working tools from all over the world, e.g. the 'R software environment for statistical computing and graphics', a fact which is essential to strengthen the acceptance of WISL.
The integration of analytical tools into WISL demands the support of calculation intensive tasks by the hardware as well as the availability of appropriate storage space. Due to the 'in-database' approach, which means data and analysis modules are integrated and only queries and results are transferred, network speed is of minor importance and enables sophisticated analysis from mobile, or even slower connections.
Data input
One of the main requirements for all kinds of open database systems are standardized input data sets in order to assure reproducibility and statistical consistency. Additionally, a system with many participants has to ensure provenance of data (Tilmes et al. 2010 ).
On behalf of WISL, a main emphasize is placed on a detailed data acquisition in order to enable scientific analyses. This means, data is not supposed to come from second hand material, but as a result of field investigations. However, in practice this is often a reciprocal process: a second hand source (usually non-experts) gives a rough description of a landslide which is then further assessed by field observations. Data normalization of field information is realized with the help of the data sheet developed in the portable document format (PDF) (cmp. Fig. 1 ). The PDF allows for manual and digital data input to meet the objectives of landslide field surveys. Digitally, the sheet can be used on all devices supporting PDF input fields, this means nearly all currently available desktop computer or handheld devices. Furthermore, the data sheet is a conclusion of an iterative process of several years of landslide mappings and expert knowledge in exchange with federal authorities (Sandmeier et al. 2013) .
The data sheet design follows a dualistic approach: on the one hand there are well-established factors of landslide susceptibility, respectively slope stability, as, for instance, slope Fig. 1 Data sheet. PDF data sheet for standardized geomorphological data acquisition. The present data was acquired from a landslide near Ebermannstadt, Germany and information is filled in with abbreviations. The PDF includes forms for digital input and can be parsed directly into WISL, thus functioning as the user interface inclination, land cover, etc. Aleotti and Chowdhury (1999) and Dachroth (2002) . On the other hand as much data as possible is collected for later statistical assessments. The latter approach is linked to the 'big data' concept (Lynch 2008; Provost and Fawcett 2013) , which enables the data driven a-posteriori identification of more relevant landslide parameters. A notable characteristic of the developed data sheet is that it has records of raw data (Fig. 1, sections A -D) as well as interpreted data (Wieczorek 1984) (Fig. 1 , sections E -H) for which expert knowledge is required (Jäger et al. 2015) .
In general, not all sections need to be filled in by the same person, thus a further practical approach is that raw data is acquired by non-experts, while the interpretative parts are added by an expert later on. Since the persons conducting the field survey are recorded as well (Fig. 1, section A) , data provenance is satisfied and interpretations can be retraced. The data sheet conforms one-to-one to the database structure and serves as WISL's input mask. Consequently, the data sheet provides a reference point (defined as the highest point on the scarp) of the landslide as spatial information ( Fig. 1, section B) . However, registered information for spatial descriptions of single landslide elements can be complemented with corresponding shapefiles. The respective elements are i) scarp, ii) accumulation and iii) front of the landslide and they are each mapped separately: scarp as a line shape, accumulation and front as polygons. The shapefiles can be provided in over 90 formats (GDAL Development Team 2017) and mobile GIS applications enable their creation during field work. The shape information can be imported into the database, but the original files are not stored in WISL. Due to the PostGIS extension WISL stores all mapped shapes as a further parameter of the related data set. This means that the shape corresponds to an attribute, like the name or the date. In case the software equipment supports spatial database access to PostgreSQL/PostGIS, the addition of the shapes can be processed directly at any time. Most open source software provide complete spatial access, however, closed source software, for instance, often prevents write access to PostgreSQL/PostGIS in order to favor their own competing products.
The data sheet contains some redundancy with the optional shapefiles, which enables non-GIS usage as well. More over, WISL offers the option to store photographs and drawings for archiving purposes.
The input of the PDF (data sheet) can either be processed by low level SQL commands or by a graphical user interface in form of a desktop GIS extension. A corresponding plug-in for common GIS software, namely ArcGIS and QGIS, was developed in order to reach convenience and better accessibility (Fig. 2) . Additionally, the plug-in exposes WISL's ability to use PostGIS processing in order to calculate certain data values, e.g. curvature,slope steepness, land cover, etc. These calculation procedures run with the help of auxiliary data within the database, e.g. digital elevation models and thematic maps. Optionally, if applied before the field survey, this extension can facilitate and serve field documentation: the data sheet fills the role of a ground-truth checklist for the pre-calculated values. Thus, the data sheet serves as input and output for the plug-in.
In case a landslide record is changed over time there are two procedures WISL can reflect the modification: i) attributes can simply be updated to the current values, ii) a secondary process can be linked to the main process. Both options imply that a new data sheet is submitted and WISL automatically creates a new modified data set. This means, that one landslide entry comprises two (or more) datasets. In each case the original one remains intact and is connected to the new dataset. During a query case i) only presents the latest dataset by default, case ii) provides all linked datasets.
The automated risk identification module (ARIM)
In general, it is possible to integrate analysis modules into WISL, which work entirely in the database to provide exclusively the requested analysis results. The following example serves as a proof-of-concept in order to demonstrate module integration.
Currently, digital methods for the creation of hazard and risk maps, e.g. SINMAP and ArcSDM (Neuhäuser and Terhorst 2007; Terhorst and Kreja 2009) , demand manual adjustments for every area of interest. Disposition models have different requirements than process models thus the user needs to supply the required values. A visual example of a hazard map created by the infinite slope model (Montgomery and Dietrich 1994) with SINMAP is shown in Fig. 3 . WISL accepts disposition and process models as integrated modules. In this context, ARIM follows the Fig. 3 Stability index map. Example of a stability index map of the Schönberger Kapf generated with SINMAP, a GIS extension modified after Terhorst and Kreja (2009) objective of WISL to generate completely automated landslide susceptibility/risk maps. The module categorizes the hazard exposition in the proximity of landslides which were reported as active slope movements by field observation in the data sheet. Therefore, the module procedure calculates the area of possible flow direction of the active landslide and secondly, identifies exposed objects, e.g. buildings and infrastructure located in the flow path. For the successful execution of the ARIM the following data is required in WISL: i) location and extension of landslides, ii) activity state, iii) a digital elevation model (DEM), and iv) georeferenced infrastructure objects. Information on the location and extent as well as activity state are provided by the data sheet and its related shapefiles. The combination of DEM(s), e.g. SRTM data (Rabus et al. 2003) , and open street map (OSM) data provide all further requirements. WISL stores all aforementioned information on the server unit, thus, applicants just need to send a query and only receive results, without any transfer of raw data. This procedure has the technical benefit of bandwidth usage reduction, allows for rapid access and can additionally avoid licensing issues, i.e. a licensed DEM.
For the module invocation it is necessary to send an SQL command to WISL with a user defined bounding box and minimum inclination. The results are object locations, which are endangered and situated within the defined bounding box. The necessary simple SQL command is defined as The module selects all active or potentially active landslide records in the database for a specified area of interest (xll, yll, xur, yur) . It then rasterizes the respective accumulation area (slide mass). On the base of the newly generated raster data an outflow path is determined according to relief information from the DEM. Therefore, the module identifies the adjacent raster cells from an active landslide mass, which have an inclination equal or above the user defined level (mingrad). Subsequently, the outflow path is modeled in form of an arbitrarily shaped area, termed 'extended landslide flow area' (ELFA). All intersections of ELFA with georeferenced objects, like settlements and infrastructure, are marked. These modelling results are indicated as risk areas, where the identified objects are exposed to possible landslide damages from the (potentially) active mass.
Finally, the ARIM is a statistical process model, which means that the area of minimal inclination (ELFA) is selected empirically (see next chapter).
In PostgreSQL the module itself can be written in any programming language with a procedural language binding. The described implementation of ARIM is written in C and Python.
Use case and testing: landslide flow extension
In order to understand the integration and application of specialized modules (i.e. ARIM) from WISL, a use case related to flow direction is presented. The ARIM is an enhanced proximity hazard analysis based on preliminary research by Jäger et al. (2015) . The module generates a first automated vulnerability assessment based on topography and is a step towards the production of automatically generated risk maps.
As a general rule, the following use case is also representative for arbitrary analytical modules similar to ARIM.
Description: Supplement landslide data within an area of interest and acquire objects susceptible to landslide damage Actors: Expert, WISL, ARIM, GIS plug-in Precondition: Landslide accumulation shape, OSM data and DEM must be stored in WISL for the requested area. Basic Course of Events:
1. The expert/user identifies the area of interest. 2. The expert/user inserts landslide data for an area of interest by the GIS plug-in (optional). 3. The expert/user sends an SQL command to WISL to request objects susceptible to landslide damage within the area of interest. 4. WISL invokes the ARIM to identify potentially endangered objects and sends the result back to the expert/user. 5. Verification of the resulting hazard potential by the expert/user.
Extensions:
2a. Insert data directly via SQL. 3a. Adjust minimal inclination for path tracing.
In order to present first results of the ARIM, an area defined as the rectangle between the lower left coordinates of 11.4519 • E 49.5273 • N and the upper right coordinates of 11.5050 • E and 49.5568 • N was determined. The area is approximately 40 km east of Nuremberg in Germany. This area of interest comprises three (potentially) active landslide records in WISL, which the ARIM transformed by the help of a DEM into three ELFAs. A minimal inclination of 12 • was selected. This approach results in ELFAs up to twice as large as the actual accumulation area of landslides. The selected inclination is motivated by statistical analysis of slope cells next to the accumulation areas. The examined slope raster is generated by the available DEM. For this analysis 444 (semi-)active landslides of the Franconian Alb were investigated, these landslides had 8602 adjacent downward facing slope cells. The statistical analysis of those cells (Table 1) indicates that the majority of landslides (60%) stopped in slope positions with inclinations lower than 11.7 • . By consequence, a potential downslope advance is likely to occur at 12 • .
As one relevant result, the ARIM identified an endangered railtrack in two of three ELFAs (Fig. 4) . Expert knowledge, as documented in the manual data sheet, is in accordance with the automatically generated survey described above.
Discussion
WISL is a highly flexible and integrative database, which allows for easy registration procedures, data storage of general spatial information, statistical analyses, and custom made modules. Furthermore, it enables data transfers to external users on the base of results, without raw data movement, while currently many scientific data systems still exchange large amounts of data (Mattmann et al. 2016) .
The structure of the landslide inventory is based on the open source software PostgreSQL/PostGIS. It corresponds to a low-budget-solution which provides independence of corporate support. The disadvantage is that there is no party with legal obligations for maintenance and warranty of operation. However, PostgreSQL/PostGIS is a tried-andtrue RDBMS deployed in many projects, which rely on the functioning of the software (PostgreSQL Featured Users 2016) . Maintenance is thus a community effort potentially distributed among all users of the software. Projects in other (Craig et al. 2004) . The competence of the system lies, in general, on its high flexibility, openness and integration capability for further modules. The data sheet for landslide registration is mainly based on descriptions of field results and can be seen as an attempt to standardize landslide inventories. In this context, the data sheet defines the common denominator and additional shape information is optional which can lead to a heterogeneous data environment. In part, this problem is addressed through redundancy, i.e. shape and measurements of the landslide elements are documented in the data sheet and can be simultaneously derived from the optional shape. This also ensures that use of the data sheet is not restricted to GIS, but allows for instance physical archiving and manual analyses.
Even though, the focus is placed on German landslide sites, the registration sheet is designed to be transferable to further regions. Simultaneously, it serves as the digital user interface for the system, too. Besides information on measurable data, the possibility to record interpretative data is provided, which requires expert knowledge. Therefore, the system consists of a very detailed dataset. On the one hand, this approach allows for far-reaching as well as simple scientific analyses. On the other hand, the complexity might result in a disadvantage regarding objectives of end-users and can hamper widespread application. That is, because technical personal (e.g from forestry, road construction, etc.), which is commonly involved with landslide registrations, might not be able to handle interpretative data (Bechtold and Patterson 2005) . However, data interpretation is not obligatory for the data input in WISL. Further development should target diverse approaches, from simple to complex.
The integration and application of custom analysis modules (i.e. ARIM) extended the capabilities of WISL to a great extent. The elucidated case study shows that rapid spatial analyses of registered data is possible. The ARIM as a topographic analysis module can be seen as one step towards automatically generated risk analyses. Although the latter is still a future objective, which needs further research, the ARIM already excludes false positives for objects endangered by landslides. In terms of validity it is a lower border of confidence (Chung and Fabbri 2003) . This is meant to decrease further efforts, if a more detailed risk analysis is requested. In this context, ARIM is applied in order to expose challenges of the selected approach related to automated analyses (Wieczorek 1984; van Westen et al. 2008) . The decision to implement the ARIM as a statistical model coupled with empirical expert knowledge was made due to the unavailability of physical parameters for a wide area of interest. Yet, WISL is designed for data scalability: as additional information is obtained, e.g. reholitic parameters, lithographic maps etc., respective models can complement ARIM. Thus, WISL delivers a common base for statistically and physically based disposition and procedural modelling.
There is a mandatory necessity to enable complex and rapid hazard analyses for landslides. Therefore, models like the ARIM can be part of a tool set aimed to generate automated process/risk maps. Further improvements can be provided by reliable statistical disposition models for landslides, e.g. weights-of-evidence (Bonham-Carter et al. 1989) . A long term goal should aim to enable a mere 'button press' in order to create hazard maps. This goal is reached in part by complementary data sets, like DEMs, geological maps, etc. WISL thereby ensures that raw data is not transferred and thus reduces data movement and can avoid distribution restrictions of the copyright holder at the same time.
All in all WISL represents a system mainly valid for landslide experts and it is open for further extensions related to rapid susceptibility, hazard and risk analyses. It is thus an ideal technical basis for large scale projects like national landslide inventories. It's strength lies in the provenance (Tilmes et al. 2010 ) and consolidation of usage, mapping and analytical components. It's open source and distribution model allow for low-cost and long term operation. The data handling capabilities are only restricted by hardware and comparable to any commercial solution. If the datasets of the currently developing national landslide inventory for Germany and the technical foundation of WISL are combined, a new and viable tool for landslide research is available (Damm and Klose 2015) .
